Context. Clouds form in atmospheres of brown dwarfs and planets. The cloud particle formation processes, seed formation and growth/evaporation, are very similar to the dust formation process studied in circumstellar shells of AGB stars and in Supernovae. Cloud formation modelling in substellar objects requires gravitational settling and element replenishment in addition to element depletion. All processes depend on the local conditions, and a simultaneous treatment is required. Aims. We apply new material data in order to assess our cloud formation model results regarding the treatment of the formation of condensation seeds. We re-address the question of the primary nucleation species in view of new (TiO 2 ) N -cluster data and new SiO vapour pressure data. Methods. We apply the density functional theory (B3LYP, 6-311G(d)) using the computational chemistry package Gaussian 09 to derive updated thermodynamical data for (TiO 2 ) N -clusters as input for our TiO 2 seed formation model. We test different nucleation treatments and their effect on the overall cloud structure by solving a system of dust moment equations and element conservation for a pre-scribed Drift-Phoenix atmosphere structure. Results. Updated Gibbs free energies for the (TiO 2 ) N -clusters are presented, and a slightly temperature dependent surface tension for T=500 . . . 2000K with an average value of σ ∞ = 480.6 erg cm −2 . The TiO 2 -seed formation rate changes only slightly with the updated cluster data. A considerably larger effect on the rate of seed formation, and hence on grain size and dust number density, results from a switch to SiO-nucleation. The question about the most efficient nucleation species can only be answered if all dust/cloud formation processes and their feedback are taken into account. Despite the higher abundance of SiO over TiO 2 in the gas phase, TiO 2 remains considerably more efficient in forming condensation seeds by homogeneous nucleation. The paper discussed the effect on the cloud structure in more detail.
Introduction
Brown dwarfs have long been known to form dust in atmospheres and recent detections demonstrate their observational comparability to giant exopanets like for 2M0355 and 2M1207b (see Faherty et al. 2013) . Transit spectroscopy observations of exoplanets suggest the presence of haze layers in HD 189733b (Lecavelier Des Etangs et al. 2008 , Sing et al. 2011 ), GJ 1214b (Miller-Ricci Kempton et al. 2012 , WASP-12b (Copperwheat et al. 2013 ), CoRot-1b (Schlawin et al. 2014) . The formation of cloud particles impacts the observed spectrum of all of these objects by depleting the local gas phase and by providing an additional opacity source. The interpretation of such observations requires understanding and modelling of the cloud formation processes. We will demonstrate that the processes involved in cloud formation can not be treated independently a priori, instead their interacting feedback needs to be considered. This includes formation of new particles (nucleation), the growth and evaporation of existing particle, their gravitational settling (or other large scale relative motions), convective mixing, and element depletion.
Nucleation rates of various chemical species are important for the formation of cloud layers, but also for modelling the element enrichment by winds of AGB stars and Supernovae. In oxygen rich atmospheres TiO 2 molecules have been identified as a key players in seed formation due to its chemically reactive sites. In addition, the stability of TiO 2 [s] has been proven experimentally (Demyk et al 2004) which further supports it as a likely candidate for nucleation seeds.
Previous work on (TiO 2 ) N clusters as precursors for condensation seeds, that form through a step-wise increase of cluster size, in astrophysics comes mostly from Jeong et al (2000 (TiO 2 ) N nucleation in pulsating AGB stars. They computed the most probable cluster geometries for N = 1 . . . 6 and recommend a surface tension value of σ ∞ = 618 erg cm −2 . Since then, more stable, (TiO 2 ) N cluster geometries up to N = 10 have been published (e.g Calatayud et al 2008 , Syzgantseva et al 2010 . Efforts to link these small scale nano regime properties to the large scale micron sized bulk properties and vice versa has been undertaken by Bromley et al (2009) which noted problems in acquiring stable TiO 2 nanocluster geometries. In the present paper, we use these cluster geometries from the chemistry literature and compute Gibbs formation energies for these clusters using the GAUSSIAN package Sects. 2.2, 2. 3), and then update the surface tension value. After demonstrating the relative abundances of the individual clusters (Sect. 3), we assess the results for seed formation rates resulting from the classical nucleation theory and from directly applying the cluster data (Sec. 4). We note that the need for calculating a seed formation rate arrises from our kinetic treatment of cloud particle formation. Other authors chose to treat the cloud particles as in phaseequilibrium. For a comparison of these approaches, please refer to Helling et al. (2008) . Section 4.2 compares the TiO 2 seed formation rates with SiO nucleation for which updated vapour pressure data is available. Section 5 demonstrates the influence of the nucleation data on the details of the cloud structure. We show that the question regarding the most suitable nucleation species can not be answered without taking into account the surface growth (or evaporation) processes as they reduce (or enrich) the gas reservoir from which the seed particles form.
Modelling seed formation as first step of astrophysical dust and cloud formation
Cloud formation in brown dwarfs and planets as well as dust formation in AGB stars and Supernovae require knowledge of how the individual (cloud) particles/grains form. The very first process is the formation of condensation seeds, unless seeds are injected into a condensible gas like on Earth or into the ISM through Supernovae and AGB star winds. Only the presence of condensation seeds allows the growth to massive (µm-sized) particles (dust grains or cloud particles). Recent developments in computational chemistry and progress in laboratory astrophysics allow for the assessment of the seed formation modelling as in Helling & Woitke who apply the modified classical nucleation theory to model the homogeneous nucleation of TiO 2 condensation seeds. Based on updated dust data, we further assess the impact of the nucleation treatment on results of our cloud formation model in Sect. 5.
f (N * ) τ gr (r i , N * , t) Z(N * )S (T ) · exp {(N * − 1) ln S (T )} (1) with N * the critical cluster size (see Eq. 12). The equilibrium cluster size distribution,
• f (N) [cm −3 ], can be considered as a Boltzmann-like distribution in local thermal equilibrium,
where
] is the equilibrium number density of the monomer (smallest cluster unit like TiO 2 or SiO) and ∆G(N) [kJ mol
−1 ] is the Gibbs free energy change due to the formation of cluster of size N from the saturated vapor at temperature T . The rate of growth for each individual cluster of size N is
] is the reaction surface area of a N-sized cluster, N is the number of monomers in a cluster, a 0 the hypothetical monomer radius, α is the efficiency of the reaction (assumed to be 1); v rel [cm 2 s −1 ] is the relative velocity between a monomer and the cluster, and n f [cm −3 ] is the particle density of the molecule for the growth (forward) reaction 
∆G(N) can be expressed by a relationship to the standard molar Gibbs free energies in reference state "• −" (measured at a standard gas pressure and gas temperature) of formation for cluster size N
Combining Eqs. 5 and 6 results in
where the right hand side contains standard state values only (∆ phase) which can be found by experiment or computational chemistry. We use the JANAF thermochemical table (Chase et al. 1985) where the standard states are given at T • − gas = 298.15K and p • − gas = 1 bar. The classical nucleation theory assumes that the detailed knowledge about ∆G(N) can be encapsulated by the value of the surface tension, σ ∞ , of the macroscopic solid such that
The dependence of the surface energy on cluster size is therefore neglected. The Zeldovich factor (contribution from Brownian motion to nucleation rate) in Eq. 1 is
The nucleation rate can now be expressed as
Modified classical nucleation theory
Modified nucleation theory was proposed by Draine et al. (1977) and Gail et al. (1984) by taking into account the curvature on the surface energy for small clusters (Gail et al. 1984) . Equation 8 changes to
where N f is a fitting factor representing the particle size at which the surface energy is reduced to half of the bulk value. This fitting factor allows to calculate a critical cluster N * as
with
Non-classical Nucleation Theory
If cluster data are available, J * can be calculated using cluster number densities, growth rates and evaporation rates of each cluster size as J * is a flux through cluster space,
Applying the Becker-Döring method (see Gail & Sedlmayr 2014) , f (2) can be eliminated from the N = 2 equation using the N = 3 equation, then again for f (3) and so on, resulting in the summation Molecules with label "a" are the molecules calculated by Jeong et al(2000) and those labeled "b" or unlabeled are the current most stable cluster geometries (Calatayud et al 2008 , Syzgantseva et al 2010 . Silver/grey balls represent Ti atoms while red represent O atoms.
with Eq. 3 for τ gr . The number density of a cluster of size N is
The partial pressures can be calculated from the law of mass action applied to a N-cluster,
] the partial pressure of the monomer number density.
• p (1) will be calculated is LTE allowing the application of our equilibrium chemistry routine (Sect. 3.1.2).
Approach

Computational Aspects
All cluster calculations were performed using the B3LYP (Lee et al.1988 ) density functional theory with basis set 6-311G(d) as part of the Gaussian ) computational chemistry package. This level of theory was used for its mix of accuracy and computational speed as well as keeping in line the previous investigations on the same molecules (Jeong et al. 2000 , Calatayud et al. 2008 , Syzgantseva et al.2011 • − =1 bar. These were chosen so that the JANAF thermochemical tables for the elemental thermochemical values could be used for calculating the molecules Gibbs free energies. Gaussian calculates the partition function of a molecule using thermodynamical laws with contributions from the rotational, translational, vibrational and electronic motions of the molecule. Therefore, it can generate enthalpies (∆ H) and Gibbs energies (∆ G) for any molecule to a good degree of accuracy dependent only on the functional and basis set used. These enthalpies and Gibbs free energies can then be used to find the formation energies of the molecules with basic thermodynamics (Sect. 2.3). Previous studies on these TiO 2 cluster geometeries (Calatayud et al. 2008 , Syzgantseva et al.2011 ) have focused on the reactivity and electronic structure of the clusters and not specifically the themodynamics of the formation of the clusters themselves.
Cluster Geometries
The main difference between past investigations and our research is the calculate cluster geometries. Figure 1 summarises both, the original geometries from Jeong et al. (2000) labeled "a", and the new results labeled "b" or unlabeled. These geometries can mostly be found in the chemistry literature (Calatayud et al 2008 , Syzgantseva et al 2010 , Richard et al 2010 except for a new stable N=7.
The linear, polymer-like chains, investigated in Jeong et al. (2000) (TiO 2 ) N , are less stable than their more compressed counterparts published by Calatayud et al 2008 and Syzgantseva et al 2010 . This is shown by the higher binding energies for the compressed structures (Appendix A). These binding energies have a direct impact on the Gibbs formation energies of the clusters there will be significant differences between the two geometries. Furthermore, it is assumed that over time the molecules will configure to their lowest energy state geometry and so other, less stable, configurations are therefore not considered further.
Results for thermodynamic quantities for TiO 2 clusters
Applying the results of the computation to thermodynamical identities allows the calculation of the Gibbs free energies of the clusters. The Gibbs energy of formation can be calculated from
where M is the molecular/cluster values and X the constituent atoms. In order to find the enthalpy of formation of a cluster at temperature T the enthalpy of formation at 0K must first be calculated. This is given by:
x is the total number of element X in the molecule and D 0 (M) the reduced atomization energy of the molecule. The ∆ f H • (X, 0K) of Ti and O can be found in the JANAF thermochemical tables. The reduced atomization energy in Eq. 19 is defined as
where E 0 (X) and E 0 (M) are the internal energy of the elements and the molecule respectively and E zpe (M) the zeropoint energy of the molecule. All the total energy terms ( E 0 (X), E 0 (M) and E zpe (M)) can be calculated from the Gaussian 09 output. The crucial quantity of the elemental atomization energies(E 0 (X)) of both Ti and O was computed using the same level of theory (B3LYP 6-311G(d)) as the clusters. When the enthalpy of formation at 0K is calculated for each cluster, we can find the Enthalpy of formation at a reference temperature (T
The enthalpy of formation at arbitrary temperature T can then be found by a similar calculation:
The entropy of the clusters are calculated from the relation S = (H − G)/T where H and G are the Enthalpy and Gibbs energies respectively. The entropy of the constituent elements at various temperatures are from the JANAF thermochemical tables.
Calculated thermochemical tables and Gibbs free energies for the (TiO 2 ) N clusters are provided in Appendix B.
Surface Tension of TiO 2
The surface tension is a measure of surface energy density of the bulk property of a solid. We approximate the bulk surface tension, σ ∞ , by fitting the small clusters to the modified nucleation theory using the calculated Gibbs free energies. Combining Eqs. 6 and 11, the Gibbs formation energy of cluster size N is
By plotting ∆G f (N)/N against N for the clusters, a best fit σ ∞ can be found for different temperatures. Figure 2 shows this fitting process for T = 1000 K. The original surface tension value from Jeong et al. (2000) , σ ∞ = 618 erg cm −2 , is also shown for comparison. The values for ∆
• − f G 1 (s) are from the JANAF table, and N f = 0 is used for all calculations. The new cluster geometries have a lower Gibbs energy of formation than the old clusters as a consequence of their increased stability. By fitting σ ∞ we show that there is a slight temperature dependentance (Fig. 3) on the best fit value. In the range T gas = 500 - 2000K the surface tension can be approximated by the linear relationship σ ∞ (T gas ) = 535.124 − 0.04396T gas .
The mean value over this temperature range yields an approximate surface tension of σ ∞ = 480.6 erg cm −2 .
The abundances of molecules and clusters in the gas phase
The seed formation rates depend on the gas-phase composition and the abundance of the monomer gas-species in comparison. We therefore summarise the abundances of the Ti-binding gasspecies and we include Si-binding molecules for later considerations of SiO-nucleation based on updated SiO vapour pressure data. We apply our thermodynamic cluster data to explore the abundance of the TiO 2 clusters shown in Fig. 1 and their relative changes.
Approach
We utilize one example model atmosphere structure (T eff = 1600K, log(g)=3.0, solar metallicity) from the Drift-Phoenix atmosphere grid that is representative for the atmosphere of a giant gas planet and for brown dwarfs. This combination of global parameters includes also the atmosphere of the group of recently discovered low-gravity brown dwarfs (Faherty et al. 2013) . We use the (T gas , p gas ) model structure as input for our (external) chemical equilibrium program to calculate the chemical gas composition in some more detail that necessary for the Drift-Phoenix models.
Drift-Phoenix model atmosphere
Drift-Phoenix (Dehn 2007 , Helling et al. 2008b , Witte et al. 2009 ) model atmosphere simulations solve the classical 1D model atmosphere problem coupled to a kinetic phase-nonequilibrium cloud formation model. Each of the model atmospheres is determined by the effective temperature (T eff [K] ), the surface gravity (log(g) (with g in cm/s 2 ), and element abundances. The cloud's opacity is calculated applying Mie and effective medium theory.
Beside details of the dust clouds like height-dependent grain sizes and the height-dependent composition of the mixedmaterial cloud particles, the atmosphere model provides us with atmospheric properties such as the local convective velocity, the temperature-pressure (T gas [K] , p gas [dyn/cm 2 ]) structure and the dust-depleted element abundances. The local temperature is the result of the radiative transfer solution, the local gas pressure of the hydrostatic equilibrium, and the element abundances are the result of the element conservation equations that include the change of elements by dust formation and evaporation.
Chemical equilibrium routine
A combination of 155 gas-phase molecules (including 33 complex carbon-bearing molecules), 16 atoms, and various ionic species were used under the assumption of local thermodynamic equilibrium (LTE). For more details, please refer to Bilger, Rimmer & Helling (2013) , and for the thermodynamical data used Helling, Winters & Sedlmayr (2000) . The Grevesse, Asplund & Sauval (2007) solar composition is used for calculating the gas-phase chemistry outside the metal depleted cloud layers and before cloud formation. No solid particles ) for different Tibinding (top) and Si-binding (buttom) molecules for a DriftPhoenix (T gas , p gas ) structure for T eff =1600K, log(g)=3.0 and solar metallicity.
were included in the chemical equilibrium calculations but their presence influences the gas phase by the reduced element abundances due to cloud formation and the cloud opacity impact on the radiation field, both accounted for in the Driftphoenix model simulations. We utilize Drift-Phoenix model atmosphere (T gas , p gas ) structures as input for our calculations. 
Results for molecule and cluster abundances
As pressure and temperature increase inwards the atmosphere, the abundance of all gas species increase in chemical equilibrium (Figs. 4). For comparison, both Ti and Si combinations are shown because the number densities of TiO 2 and SiO are input properties for Eqs. 10, 17. SiO has generally a higher number density than TiO 2 since the element abundance of Si is considerable larger than that of Ti. This might suggest SiO as a more suitable nucleation species than TiO 2 and we will investigate this question in Sects. 4.2 and 5. Figure 4 (top) demonstrates that TiO 2 is the most abundant Ti-binding gas-species in almost the entire atmosphere followed by TiO and the Ti atom. TiO is more abundant than TiO 2 in the high-temperature part of the atmospheric structure. SiO is the most abundant Si-binding molecules followed by SiO 2 and Si.
As part of our assessment of the TiO 2 nucleation, we show the partial pressure,
−2 ] (Eq. 17), for each (TiO 2 ) N -cluster in Fig. 5 . Both
• p (1) (= n TiO 2 kT gas ) and
• p (2) maintain fairly constant pressures. For N > 2, the curves become more dynamic. They start at higher and higher magnitudes, increase quickly and then drop off. The order of the curves are also interesting, with the higher N partial pressures reaching higher values at lower temperature (lower gas pressures). This findings support our expectation that bigger clusters become more stable and more abundant with decreasing temperatures and that they are unstable and of low abundance at high temperatures. (2000); classical with temperature dependent σ ∞ ; and non-classical based on Gibbs free energies for TiO 2 .
Seed formation rates
Based on the results from the previous Sects. 2.3.1 and 3.2, we are now in the position to calculate and compare seed formation rates (nucleation rates). We present our updated results for TiO 2 as the nucleation species considered in our previous works. We compare SiO-nucleation based on updated vapour pressure data. Gail et al. (2013) recently suggested that SiOnucleation could be more efficient than TiO 2 -nucleation. We will test this hypothesis here and as part of our cloud formation model in Sect. 5.
TiO 2 nucleation rate
Results for classical nucleation theory: Surface tension values have a direct impact on the nucleation rate in the classical nucleation theory approach (Sect. 2.1.1). In order to assess this impact, the new TiO 2 surface tension was tested in our nucleation routines and nucleation rates calculated for a given (T gas , p gas ) model atmosphere profile. Figure 6 demonstrates that the difference in nucleation rate, J * , from our new data to the value from Jeong et al. (2000) is not very significant.
Results for non-classical nucleation theory: Converting all partial pressures,
• p (N), for all (TiO 2 ) N -cluster into number densities allows us to use the Becker-Döring method in order to calculate the nucleation rate J * (Gail & Seldmayr 2014) . This is different from the classical nucleation rate in that we use the Gibbs free energies of formation for each individual cluster, without the need to derive a surface tension. ) and nucleation rates J * (s −1 cm −3 ) for both TiO 2 and SiO. Number densities calculated from the Drift-Phoenix model . J * ,Jeong is the classical nucleation rate calculated with σ = 618 erg cm 2 , J * ,Lee is the with temperature dependent σ. J * ,Paquette and J * ,Gail have both been calculated using new vapour pressures (Wetzel et al. 2012) . Blue lines surrounding J * ,Gail are the upper and lower boundaries. These nucleation rates were calculated for an undepleted gas-phase. Figure 6 shows that at the lowest temperatures, the nonclassical nucleation rate increases quickly with the temperature until 700K where the rate increases more slowly, to around 1800K, and then drops (though not as quickly as the classical curves). At the higher temperatures, the molecules will have sufficient energies that collisions breaking them apart will happen as often as they coalesce. Though the non-classical values are visibly different from the classical, it is similar in magnitude to the classical data with a temperature varying σ, particularly in the 700-1500K region of the model atmosphere considered here.
SiO nucleation
Stimulated by the recent paper by Gail et al. (2013) , we compare the nucleation rate of SiO to our TiO 2 -values from the previous sections. Since the number density of SiO is much greater than TiO 2 , it is not ridiculous to expect that the nucleation rate for SiO would also be larger than that of TiO 2 . Gail et al (2013) provide the following analytic expression for the SiO nucleation rate including the updated vapour pressure from Wetzel et al. (2012) ,
where n 1 =
• f (1) and all other variable have the same meaning as before. Calculating J SiO * for the same model atmosphere structure as before, we find that SiO nucleates at a much higher rate compared to our TiO 2 results. We also demonstrate in Fig. 7 changes in the SiO-nucleation rates alone through the update in vapour pressure data, J * ,Paguette vs. J * ,Gail . There are similarities between the two SiO rates, the double peaks occur at approximately the same temperatures, indicating that both methods create similar effects at these temperatures. These differences resulting from updated vapour pressure data can not account for the differences between the SiO and the TiO 2 nucleation rates.
Impact on cloud formation
Cloud formation in brown dwarfs and giant gas planets needs to start with the formation of condensation seeds in contrasts to Earth where weather cloud formation is started through the injection of seed particles (e.g. volcano eruptions or sand storms) into the atmosphere. Jeong et al. (1999) demonstrate that it is not obvious which species would be the best choice for a nucleation species as part of a dust / cloud particle formation model. Gail et al. (2013) Goumans & Bromley 2013 , Plane 2013 . Due to the lack of cluster data for more complex nucleation paths, we consider homomolecular homogeneous nucleation only. In principle, the condensing material does not care which seed particle is available as long as there is a surface to condense on. The need to identify the first condensate, or the most efficient nucleation species, arises if a model is built in order to study dust forming systems like, for example, clouds in brown dwarfs and exoplanets or dust in circumstellar shells. The two best candidates with respect to stability and abundance in the gas phase are TiO 2 and SiO. We are now in the position to test how the new material data for TiO 2 (Sect. 2.3) and the updated saturation vapour pressure for SiO (Eq. 25) affects our cloud formation results. Our results in this paper so far lead us to expect only moderate differences from the updated TiO 2 -nucleation rate (Fig. 6 ), but substantial differences if considering SiO instead of TiO 2 as nucleation species. Figure 7 suggests a considerably more efficient SiO seed formation compared to TiO 2 seed formation. In this section, we will demonstrated that it is misleading to consider seed formation as a single process only. The nucleation process needs to be considered in combination with other, element consuming cloud/dust formation processes in order to reliably approach the question about the best suitable condensation seed species.
Approach
We assess the impact of the nucleation description that is part of our cloud formation model on the resulting cloud struc- counted for (Eqs. 10 in Helling, Woitke & Thi 2008a) . The surface growth causes the grains to grow to µm-sized particles of a mixed composition of those solids taken into account. For this study, we consider 12 growth species that grow by 60 gas-solid surface reactions (Helling et al. 2008a ). We use the same DriftPhoenix model atmosphere as described in Sect. 3.1 as input for our more complex cloud formation code. Figure 8 demonstrates the impact of the nucleation treatment on the cloud formation processes and the resulting cloud properties. Most importantly, if considered as part of an interacting set of processes, the TiO 2 -seed formation is more efficient than the SiO-seed formation (top panel with nucleation rates) which deviates from our privious expectation triggered by Fig. 7 (Fig. 4) . Hence, an assessment of the importance of a seed forming species always need to be performed in connection with the growth process, else it leads to wrong conclusions regarding the best suited nucleation species. As a consequence of SiO being a very inefficient nucleation species, less cloud particles form. Figure 8 (middle) show that a SiO-seeded cloud would have > 10 3 times less cloud particles with an increasing difference for increasing atmospheric depth. Instead the material is consumed by growth leading to grains up to a size of 100µm at the inner cloud edge. Figure 9 demonstrates that the overall mean material composition of the mineral cloud does not change significantly between TiO 2 -seeded and SiO-seeded clouds. However, the upper-most part which is often referred to as haze-layer has a fundamentally different composition depending on the condensation seed species considered: SiO 
Results
Summary
The formation of condensation seeds is the initial step to cloud formation in astrophysical objects without a crust, hence, for objects like Super Nova, AGB-stars, M-dwarfs, brown dwarfs, and giant gas planets. The long standing question is if it is possible to identify a first condensate that kicks off the whole condensation process. This question has long been debated and high-temperature condensates like solid iron seeds forming from the gas phase from (Fe) N -clusters (John & Sedlmayr 1997) or MgO seeds forming from (MgO) N -clusters (Köhler & Sedlmayr 1997) needed to be dismissed because of only small clusters being thermodynamically stable or not very abundant. TiO 2 seed formation is attractive because of the stability of the (TiO 2 ) N -clusters and their relative abundance. The same arguments are made for SiO but despite SiO's higher abundance compared to TiO 2 , it's nucleation rate did fall short of TiO 2 (Jeong et al. 2000) . Gail et al. (2013) re-consider SiO nucleation for AGB stars and suggest it to be a favorable seed formation species based on new vapour data. Based on updated (TiO 2 ) N -clusters we investigate under which conditions this finding could be relevant for substellar atmospheres.
In this paper, we have presented updated Gibbs free energies of TiO 2 -clusters using computational chemistry for newly available molecule geometries (Calatayud et al 2008 , Syzgantseva et al 2010 . The more stable cluster geometries compared to Jeong et al. (2000) from chemistry literature yielded a temperature dependent surface tension with an average value of σ ∞ = 480.6 erg cm −2 when fitted with the modified nucleation theory model. This new surface tension was then used in conjunction with chemical abundance routines to calculate a nucleation rate for various temperatures and TiO 2 number densities for an example atmosphere representative for a young brown dwarfs or a giant gas plant. The new value approximately doubles the rate of nucleation for the specie. The non-classical TiO 2 nucleation rate was calculated using the newly calculated Gibbs free energies which obtained higher results than those obtained through classical means. Inspired by newly available vapour pressure data, we show that SiO nucleation can only be more efficient than TiO 2 nucleation if no other element depletion processes are taking place. Hence, TiO 2 remains the more efficient nucleation species of the two as nucleation and surface growth will take place simultaneously as both processes require a supersaturated gas. 
